A neutron diffraction study at 4K of the Mn doped lanthanum germanate apatite-type oxide ion conductor of nominal starting composition "La 9.5 Mn 0.5 (GeO 4 ) 6 O 2.75 " is reported. The structure was refined in space group P6 3 /m, although high thermal displacement parameters were observed for the oxide ion sites (particularly O3, and O4).
Introduction
Interest in apatite silicates/germanates, Ln 9.33+x (Si/GeO 4 ) 6 O 2+3x/2 (Ln=rare earth) has grown in recent years, following numerous reports of high oxide ion conduction in these materials, giving potential applications as solid oxide fuel cell electrolytes . An important aspect of these apatite materials is that oxide ion conduction is mediated by interstitial oxide ions, in contrast to the traditional fluorite and perovskite oxide ion conductors, where a vacancy mechanism is dominant [5, 7, 8] . As a result, it has been shown that fully stoichiometric, e.g. La 8 Sr 2 (Si/GeO 4 ) 6 O 2 , samples show poor conductivity, while samples containing oxygen excess, e.g. La 9 Sr(Si/GeO 4 ) 6 O 2.5 , or cation vacancies, e.g. La 9 .33 (Si/GeO 4 ) 6 O 2 show high conductivity. For the latter systems, it has been proposed that the cation vacancies cause local structural distortions, which promote Frenkel-type disorder [5] . The crystal structure of these apatite systems in shown in figure 1; they may be classed in two ways, either in terms of an La 3.33+x (Si/GeO 4 ) 6 framework, with the remaining La 6 O 2 units accommodated in the "cavities" within the framework [17] . Alternatively they may be described as comprising of isolated Si/GeO 4 tetrahedra arranged so as to form distinct oxide ion and La channels running parallel to the c axis. With regard to the interstitial oxide ions, computer modelling studies have predicted that the most favourable interstitial oxide ion site is at the periphery of the oxide ion channels neighbouring the SiO 4 /GeO 4 groups, and highlighted the important role played by relaxation of the SiO 4 /GeO 4 substructure in the high oxide ion conductivity [8, 23, 27] . The 4 conclusions of this modelling work have been supported by structural studies of oxygen excess systems, La 9.33+x (Si/GeO 4 ) 6 O 2+3x/2 [7, 12, 13, 19, 26, 34] .
Much of the work on doping apatite systems has focused on the silicate systems, due to problems with Ge volatility at temperatures above 1400 ○ C in the germanates, with such high temperatures being required to obtain sintered pellets. As a result of this sintering problem, we have investigated means of lowering the sintering temperature through doping studies. In this respect, we have shown that doping transition metals (Co, Mn) on the La site, according to the nominal formula, La 10-x M y (GeO 4 ) 6 O 2+z (M=Mn, Co) leads to samples with high conductivity (0.01-0.02 Scm -1 at 800 ○ C) that can be sintered to high density at 1300-1400 ○ C [37] . In this paper, we report the crystal structure of such a Mn doped sample, with nominal composition, "La 9.5 Mn 0.5 (GeO 4 ) 6 O 2.75 ", using neutron diffraction.
Since these apatite-type oxide ion conductors tend to show high thermal displacement parameters associated with static disorder [22] , data were collected at low temperature (4.2 K) in order to reduce these thermal displacement parameters, and hence gain more accurate information on the oxide ion sites.
Experimental
A 5 g sample of nominal composition, "La 9.5 Mn 0.5 (GeO 4 ) 6 O 2.75 ", was prepared from high purity La 2 O 3 , GeO 2 , MnO 2 which were intimately mixed in the correct molar ratios and heated to 1100 C for 14 hours, reground and then reheated to 1200 C for a further 14 hours. Phase purity was established through X-ray powder diffraction (Panalytical X'Pert Pro diffractometer, Cu K 1 radiation).
Neutron diffraction data were collected on the diffractometer HRPD at the ISIS spallation source, Rutherford Appleton Laboratory, UK. The sample was loaded into a thin-walled cylindrical vanadium can, which was then placed in a cryostat, with the data collected at 4.2 K. Structure refinement was performed using the GSAS suite of Rietveld refinement software [38] . Data sets from two banks of detectors were used for the refinement; the first was the data from the backscattering detector bank and the second was the data from the 90° detector bank.
Results and discussion
Space group P6 3 /m, which is typical for apatite systems, was employed, with an initial model consisting of full occupancy of the oxygen sites, and no interstitial oxide ions. The
Mn and cation vacancies were initially located on the La1 site, in agreement with prior experimental and modelling work, supporting the preference of lower valent cations and vacancies for this site [22] . This gave a reasonably good fit to the data ( 2 = 4.67).
Introduction of Mn on the La2 site gave a significantly worse fit ( 2 = 5.66), confirming the assignment of the Mn on the La1 site. With this good basic starting model, Difference
Fourier maps were plotted in an attempt to locate any interstitial oxide ion sites. These
Fourier maps showed a negative nuclear density very close to the Ge position. ). Considering that the data was collected at 4.2 K, this spread of nuclear density cannot be due to thermal motion and is indicative of static disorder. Therefore the O4 oxide ion was allowed to move off site along z to give a split site, which resulted in a significant reduction in the thermal displacement parameter. Apart from the O4 site, the O3 site showed a similarly high thermal displacement parameter (100 x U 22 = 12 Å 2 ), with
Fourier maps again suggesting the need for a split site. Therefore two sites 03a and 03b
were introduced, and the occupancies of each refined such that the total occupancy was The data shows that Mn is an ambi-site dopant, substituting on both the La and Ge sites.
While Mn substitution on the large cation and tetrahedral sites have both previously been reported [39] [40] [41] [42] , the data here shows the first example of partitioning over both sites in the same sample. The driving force for Mn to substitute onto the Ge site is most likely due to the reduction in the interstitial oxide ion content (expected interstitial oxide ion content = 0.75 assuming Mn only on the La site and no cation vacancies, compared with the refined occupancy of zero, with Mn on both the La and Ge site and the presence of cation vacancies) showing that the presence of cation vacancies is more favourable than interstitial oxide ions in this system. Considering the lack of interstitial oxide content in this sample, and the known importance of interstitial oxide ions in the conduction mechanism of apatite-type oxide ion conductors, it was decided to investigate the conductivity of the sample used in the neutron diffraction experiment to compare with the previous observation of high conductivity in similar Mn doped samples [37] . Pellets (1.3 cm diameter) for conductivity measurements were prepared as follows: the powders were ball milled (350 rpm, Fritsch Pulverisette 7 Planetary Mill) for 2 hours before pressing at 8 8000 kg cm -2 . The pressed pellets were then heated at 1350 °C for 2 hours, leading to a density of 88 % theoretical. Both sides of the pellet were coated with Au paste and then heated to 700 C for 1 hour to ensure bonding to the pellet. Conductivity measurements were made in air using a Solarton 1287 impedance analyzer. Measurements were made in both oxygen and nitrogen to determine whether there was any significant electronic contribution to the conductivity. No significant difference was observed, consistent with the conductivity being dominated by the oxide ion contribution. The conductivity data is shown in figure 3 , which shows that despite the low interstitial oxide ion content, the conductivity is high (0.012 Scm -1 at 800 ○ C), in agreement with our prior work on a sample with a similar nominal starting composition (0.016 Scm -1 ) [37] . This high conductivity, is most likely due to the introduction of Frenkel-type disorder at higher temperatures, as proposed previously for apatite systems containing cation vacancies [22] .
Another interesting result from the refinement is the large thermal displacement parameters for the oxide ion sites, especially O3 and O4 sites. As noted earlier, the fact that the data was collected at low temperature (4.2 K) means that these large displacements are correlated with static displacements rather than thermal motion.
Reduced thermal displacement parameters were therefore obtained by splitting the O3 site and allowing the O4 ion to move off site. It is interesting to comment on the origin of these displacements/split sites. The O3 sites in space group P6 3 /m lie either side of the mirror plane, and loss of this mirror plane (lower symmetry space group P6 3 ), leads to the however, indicate that whereas the average structure has space group P6 3 /m, locally there are regions of lower (P6 3 , or monoclinic, triclinic) symmetry, which is probably a general feature of these apatite systems, and hence would explain the high thermal displacement parameters observed in this work and other structural studies in the literature.
Conclusions
Neutron diffraction data has indicated that a sample of nominal starting composition, "La 9. 
